The crack growth behaviors of Ni-based superalloys were studied under thermal gradient creep condition (TGC) and compared with isothermal creep condition (ITC). Special attention was paid on getting basic understandings on small crack growth behavior around cooling holes in turbine blades. It was found that the cracks under the TGC showed higher crack growth rate than that under the ITC. Also a significant difference in growth rate was observed between the crack nucleated from cooling hole and the naturally initiated crack under the TGC conditions. These behaviors were analyzed in terms of creep J-integral, J c ; a time-dependent nonlinear fracture mechanics parameter. Some mechanistic background was discussed on the characteristic behaviors of the crack advance under the TGC condition.
Introduction
Gas turbines are one of the crucial components in aircraft propulsion and in power generation systems. Rotor blades are the heavily loaded part in turbines. The endurance of precision-made components in high temperature gas turbines may be lost due to creep deformation. Creep deformation is highly undesirable and is often limits the lifetime of a components working at high-temperatures. There are number of ways to reduce the core material (e.g. Ni-based superalloys) temperature while retaining higher operating temperatures: 1) applying a thermal barrier coating (TBC) over the core material, so that the coating limits the heat transfer into the core; 2) providing a cooling circuit running inside the material that reduces the heat in entire system. Obviously, these methods increase the thermal gradient in the blades, so the conventional creep testing methods under isothermal conditions are not always close to reality (Okazaki et al., 2012) . Hence, there is a strong motivation to formulate creep deformation under thermal gradient to accurately predict the life of a turbine blade. Especially, the case when cracks nucleated and grow from the cooling hole under thermal gradient conditions has not been well understood yet. In order to take full advantage of the superior high temperature strength of nickel-based alloy, it is necessary to understand the creep behavior as well as the underlying deformation mechanism.
In the present work, a new test system has been originally developed which enables us to provide creep loadings superimposed with thermal loadings under a significant thermal gradient to the specimen in a combustion gas environment. This system can simulate an actual combustion gas environment to which turbine blades are exposed. By employing this system, creep crack growth test was carried out for the Ni-based alloy with cooling hole under thermal gradient conditions. Furthermore, the creep crack growth behavior was also analyzed in terms of nonlinear fracture mechanics parameter, J c , often called by creep J-integral.
Experimental procedures 2.1. Specimens preparation for creep crack growth tests
Creep crack growth (CCG) test was carried out in a polycrystalline cast Ni-base superalloy, IN738, specimen under thermal gradient condition and isothermal condition. The chemical composition of the material is given in Table 1 . The material was prepared as follows; heat treated for 2 hours at 1120°C in vacuum/Ar followed by cooling to room-temperature in air. Then the material was aged for 20 hours at 845°C in argon/vacuum followed by air-cooling to room temperature. The microstructure of the material is shown in Fig.1 , which shows the average grain size was in order of millimeters.
Two types of hollow cylindrical specimen were used for CCG tests; a smooth specimen without hole and another one is with a hole. The geometry of these specimens was shown in Fig.2 . The hollow cylindrical type specimens were machined, with an outer diameter of 5mm and inner diameter of 3mm as shown in Fig.2 . In the cooling hole specimen a 0.5mm circular hole was introduced at the center of the specimen as shown in Fig.2 (b) . 
Experimental set-up
A new test facility has been developed to perform creep with thermal gradient conditions (Okazaki et al., 2012) , which is schematically illustrated in Fig.2 (c) , where the system consists of a combustion section and a test section. In the former section a simulated combustion gas atmosphere is produced by employing a CAN type of combustor. The system temperature is controlled by test section inlet temperature (TSIT). The later section is associated with a servo-electro hydraulic testing machine. Using this facility an external load can be applied. Temperature graded creep (TGC) tests were carried out according to the test program given in Table 2 . Here, to stimulate an actual turbine blade environment, combusted methane gas mixed with air blown onto the specimen from upstream to downstream side: Fig.2(c) . In order to confirm the temperature gradient, thermocouples (K type) were mounted near shoulder part and gauge section of the IN738 specimen on upstream and downstream side. Here, the upstream side means where the specimen directly face to the hot stream (0 degrees) and the downstream means back side of the specimen or directly behind the upstream side (180 degrees from the upstream side). The temperature distribution was verified by many dummy specimens before starting the real test. The temperature distribution of the specimen was measured by 900°C at the upstream side, 850°C at the downstream side and the mean temperature was 875°C when the TSIT was controlled by 1100°C. Thus, the new test system successfully gives external load associated with a significant thermal gradient inside the specimen.
Meanwhile Isothermal creep (ITC) crack growth tests were also carried out for the purpose of comparison with thermal gradient creep. For the isothermal creep crack growth tests the specimens were heated by using a high frequency induction heating system in air, which provided a uniform temperature distribution along the specimen gauge section. The temperature was controlled by a temperature controller with two thermocouples (K type), which is placed at the top and bottom of the shoulder part of the specimen. The temperature difference between top to bottom of the shoulder part area was maintained within ±2°C. After reaching test temperature the specimen was held for 1 hour to get uniform temperature then the actual test was started. The temperature for the isothermal creep test was chosen by 875°C, which corresponded to the mean temperature in the TGC.
During the TGC and ITC tests the loading point displacement was continuously monitored by a linear voltage differential transformer. The magnitude of external stress was set-up by 200 MPa in the ITC and TGC tests. In this work, two types of cracks were studied; (i) crack nucleated from the cooling hole for cooling hole specimen, hereafter, referred as hole crack and (ii) crack nucleated from the smooth place for smooth specimen, hereafter, referred as naturally initiated crack (NIC). In order to understand differences in the crack growth behavior between hole crack and NIC, the specimen was removed for a specific time interval (every 10hrs) and observed the whole gage length carefully by means of optical microscope and followed by cellulose replica analysis to ensure that crack exist or not. Once the crack nucleation was confirmed from the above observation, unloaded the specimen periodically (~ approximately every 1~5 hrs.) to measure the crack length by optical microscope until the specimen attained rupture. Note that hole crack was analyzed from the cooling hole specimen and NIC was estimated from smooth specimen for both TGC and ITC test. The behavior and comparison of these cracks will be discussed in the upcoming sections. The crack opening 
(b) (a) displacement, δ, for the specimen with hole shown in Fig.2 (b) , was measured from the distance of two optical markers drawn at the edges of the hole along the loading axis. Whereas for NIC in the smooth specimen, the inelastic strain rate, , was measured from change in gage section length of the specimen, by a linear voltage transformer of 4.5mm interval and also measured by two optical markers drawn at the edge part of the specimen gage section by the interval of ≃ 4.5mm. 
Results

Creep deformation under ITC and TGC tests
The creep deformation was monitored under ITC and TGC for 200 MPa as shown in Fig.3 . It is found that the deformation under the both TGC and ITC showed three stages: primary, secondary and tertiary creep. However, it can be seen that the TGC strain curve exhibits shorter period of secondary (steady) state creep than that observed in the ITC under the same external stress. The steady state creep deformation rate, ̇, , can be approximated by summarizing the previous experiments (Okazaki et al., 2012) which is expressed by
Where, B is a material constant that depends on the test condition. 
Crack growth behaviors under TGC and ITC conditions
Crack growth rate in terms of non-linear fracture mechanics parameter or creep J-integral, J c , was studied under the ITC and TGC condition. It has been well known that creep crack growth rates are successfully correlated with J c (Sadananda and Shahinian, 1983) (Tabuchi et al., 2003) . In this work a special attention was paid to understand the small crack growth behavior in which crack length was smaller than or comparable to the grain size. For the crack nucleated from the hole (hole crack) the J c can be calculated by using following equations (Ohji et al., 1980) (Shih and Hutchinson, 1976 ).
Where n is the exponent in Eq. (1). ∞ is the applied stress, a is half crack length, r i and r o is the inner and outer diameter of the specimen, respectively. ̇ is the crack opening displacement rate. The net section stress, , is calculated from Eq. (3). For the naturally nucleated crack the J c can be calculated by the following equations (Shih and Hutchinson, 1976 ).
where ̇ is the remote creep strain rate.
Creep crack growth rate is correlated with J c in Fig.4 . The present ITC test results almost quantitatively agreed with the long crack growth rate data band by other researchers (Sadananda and Shahinian, 1983) (Tabuchi et al., 2003) illustrated by a shaded band in Fig.4 (a) . However, at the beginning of early crack growth stage the present creep crack growth rate decreases with increasing J c . This specific behavior is seen in both the hole crack and NIC. The behavior vanishes when the growth rate increases promptly (Fig.4 (a) ). In the case of TGC, the creep crack growth rate exhibits similar decreasing behavior to that in the ITC test: Fig.4 (b) . The important thing to be noted under TGC is that, the crack was nucleated at earlier stage and promptly grew at the downstream side rather than the upstream side in the smooth specimen. Whereas in the case of cooling hole specimen, the crack emanated from the hole predominantly, where the hole was placed at the upstream side. The above two dominant cracks (NIC at downstream side and hole crack at upstream side) data were shown in Fig.4 (b) and (c). It is clearly observed that the NIC crack growing from the downstream side shows higher growth rate than the hole crack from the upstream side even under the same J c value. It is also found from Fig. 4(c) that the crack growth rate data for NIC in the TGC test shifts to higher rate compared with the ITC data. In other words the downstream side of the TGC displayed higher growth rate than the ITC. This shift may be due to the effect of temperature gradient in the TGC test, will be discussed later.
A micrograph of small crack growth emanating from the hole under ITC condition at 875ᵒC is shown in Fig.5 .The following features are noted comparing Fig.4 and Fig.5: (1) Small crack was nucleated from the stress concentrated area, or from the initial hole. Apart from main crack many small sub-cracks were nucleated ahead of the crack tip at the grain boundaries and dendrite boundaries, as indicated by "subcrack A" and "subcrack B" in Fig.5 . These sub-cracks grew with time and eventually coalesced with the main crack. (2) The growth rate decreased with increasing J c at the beginning (146-182 h), and then showed minimum value (182h), as depicted by arrow marks in Fig.4 (a) . This period was corresponding to the time when a number of sub-cracks were nucleated ahead of the main crack tip. After this period the growth rate increased with J c.
(182-272 h).
Discussion
As noted in the previous section the NIC in the TGC test showed a significantly different rate from that obtained in the ITC test. Also it was observed that the NIC at downstream side exhibited significant deviation compared with the upstream side of the hole crack. Note that the data presented in Fig.4 (b) and (c) is based on J c without considering thermal stress. It is obvious that when there is a thermal gradient in the specimen, thermal stress is built up and it could be superimposed with an external stress. Based on the basic elastic calculation (Yamagishi et al., 2015) , the magnitude of thermal stress (σ th. ) is estimated to be about 70 MPa at time, t=0, under the same graded temperature (900-850ᵒC) condition. Here, at t=0, the thermal stress was in tension at lower or downstream side (+70 MPa) and in compression at higher or upstream side (-70 MPa), respectively (Yamagishi, et al., 2015) . It is also worthy to note that thermal stress is not always constant; it may change with creep when creep gets pronounced at elevated temperatures (Yamagishi, et al., 2015) . Since the J c value in Eqs.(2) and (4) was evaluated based on only external load, the J c value can be converted into J c (σ app + σ th ) by considering the magnitude of thermal stress. The J c (σ app + σ th ) is evaluated by substituting σ app + σ th instead of σ app in Eqs. (2) and (4). As shown in Fig.4 (d) , consideration of thermal stress makes the creep crack growth curve of the downstream side and upstream side shift to the right and left hand side by a factor of ~1.25, respectively. Thus, thermal stress can provide reasonable explanation to the local creep crack growth behavior under the present TGC condition. In this calculation the thermal stress was treated as constant value, however, it may change with creep time. Because the relaxation of thermal stress depends on many factors such as stress exponent, temperature profile and etc., which are also necessary to be considered in the analytical calculation (Yamagishi et al., 2015) to get a more accurate result. As noted in Fig.4 , the creep crack growth rate decreased at the beginning of early crack growth stage. This could be due to the following mechanism: when creep regime is limited only near crack tip and the size of creep dominant area is small enough compared with far field elastic regime; a state called by small scale creep (SSC) condition, elastic stress field dominates the stress state near the crack tip (Ohji et al., 1980) (Riedel and Rice, 1980) . During this SSC period the value of J c decreases with time. At the same time a degree of stress concentration around the hole must be also relaxed with creep time. These two mechanisms could play an important role to reduce the crack growth rate during the initial stage of creep. 
Conclusion
A new test system has been assembled which enables us to provide creep loadings under a significant thermal gradient conditions in an actual combustion gas environment. Using this test system the creep test was performed under the ITC and TGC conditions. The main conclusions are summarized as follows:
Crack under the TGC showed higher growth rate from under the ITC condition. There was a significant difference in crack growth rate between the hole crack and NIC under the TGC condition, where NIC exhibited higher growth rate than the hole crack. An account of thermal stress can provide a reasonable explanation to the specific behavior under the TGC condition. At the beginning of early crack growth stage the creep crack growth rate decreased with increasing J c under both the ITC and TGC. This behavior seems to be reasonably interpreted by two mechanistic phenomena: the predomination of elastic stress state near the crack tip during small scale creep condition; and a relaxation of stress concentration around the hole. After the creep dominant regime spread enough at the crack tip, or in a large scale creep state, the rates were well correlated with the J c parameter.
